Dark energy in light of the discovery of the Higgs by Copeland, Edmund J.
Copeland, Edmund J. (2016) Dark energy in light of the 
discovery of the Higgs. Annalen der Physik, 528 (1-2). 
pp. 62-67. ISSN 1521-3889 
Access from the University of Nottingham repository: 
http://eprints.nottingham.ac.uk/42165/8/Ed-Copeland-nott-eprint-version.pdf
Copyright and reuse: 
The Nottingham ePrints service makes this work by researchers of the University of 
Nottingham available open access under the following conditions.
This article is made available under the University of Nottingham End User licence and may 
be reused according to the conditions of the licence.  For more details see: 
http://eprints.nottingham.ac.uk/end_user_agreement.pdf
A note on versions: 
The version presented here may differ from the published version or from the version of 
record. If you wish to cite this item you are advised to consult the publisher’s version. Please 
see the repository url above for details on accessing the published version and note that 
access may require a subscription.
For more information, please contact eprints@nottingham.ac.uk
Annalen der Physik, April 25, 2017
Dark energy in light of the discovery of the Higgs
Edmund J. Copeland∗
We discuss the impact the observation of the Higgs
Boson has had on models of Dark Energy.
1 Introduction
The nature of the dark energy driving the observed ac-
celeration of the Universe was unknown before the an-
nouncement of the discovery of the Higgs boson on 14
March 2013, and it remains so today. In that sense the dis-
covery of the Higgs has had little impact on the quest to
understand the dominant contribution to the energy den-
sity in the Universe which is now experiencing a period of
acceleration. However the discovery of the Higgs boson
has had one not obvious impact, we now know there is at
least one fundamental scalar particle in nature, this one
with a mass of 125 GeV. For those of us who have given
talks on scalar field models of dark energy (and inflation),
such as those describing the ideas behind Quintessence,
K-essence and say Chameleon fields, whereas we have
always had to predicate the introduction of the ideas by
saying ‘assuming there is a fundamental scalar in nature’,
now we don’t have to, although of course it remains the
case that we don’t know whether there is more than one !
Given no obvious direct link has emerged between the ac-
tual discovery of the Higgs and our understanding of Dark
Energy, in this brief article I will look at recent progress
in addressing the problem of the cosmological constant,
the nature of dark energy and how we may observe its
influence in collider physics and beyond. Maybe to the
surprise of many, we will actually touch on connections
with the Higgs in a few of places. There are a number
of detailed reviews of dark energy and the cosmological
constant out there, a smorgasborg of choices depending
on what interests you. The cosmological constant is ad-
dressed head on in the classic Weinberg review [1] and
very recently revisited from a more radical perspective in
an excellent set of lectures by Padilla [2]. The possibility
that dark energy is dynamical in origin is addressed in my
own review with Tsujikawa and Sami [3], where as a more
phenomenological approach to dark energy covering the
observational aspects of how we may determine its na-
ture can be found in [4]. Of course it is perfectly possible
that the observed acceleration has been caused not by
a new source of energy density but rather by a modifica-
tion of the theory of general relativity manifesting itself on
cosmological scales [5]. Dark Energy has become main-
stream, evidenced by the fact that textbooks are being
written on the subject [6]. In this article I will concentrate
on linking the cosmological constant and dark energy to
particle physics and will recall a number of issues this link
throws up for us. We will begin in section 2 by recalling the
cosmological constant problem and will look at a few re-
cent attempts to solve it: one using the String Landscape,
another using the curvature of the extra spatial dimen-
sions and a novel third route involving sequestering the
cosmological constant so it can not gravitate. In section
3 I will touch on a few ways in which the Higgs has been
proposed either as a means of detecting the presence of
Dark Energy or as a way of actually determining it and
finally in section 4 I will wrap things up.
2 The Cosmological constant problem
Why is it that the addition of a term which is perfectly
consistent with all the underlying principles of General
Relativity is considered such a problem today [1]? Well
to see this, we need to place in perspective the value
the energy density stored in the cosmological constant
(Λ) must have today and ask whether that is a natural
value to take. Given that observational evidence [7] indi-
cates we live in a Universe which is close to being spa-
tially flat with around 30% of its energy density in the
form of cold dark matter and baryons, then from the
Friedmann equation it follows that the remaining 70%
must be in the form of a cosmological constant or some-
thing resembling it today, and therefore its present value
must be of order the Hubble parameter H0 such that
Λ ≈ H20 = (2.13h × 10−42 GeV)2 which corresponds basi-
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cally to the critical density ρΛ =
Λm2pl
8pi ≈ 10−47 GeV4. This
would be all well and good, if we simply thought of Λ
as a parameter determined from observation. Unfortu-
nately because of quantum theory we can not simply
do that. Fluctuations in the vacuum energy density cou-
ple to gravity and lead to a naturally huge value for it.
If we are to account for the fact it is observed to be so
small today, then we have to account for the fine tun-
ing required to achieve the required value. The vacuum
energy density is evaluated by summing zero-point en-
ergies of all quantum fields. So for those of a mass m we
have ρvac = 12
∫∞
0
d3k
(2pi)3
p
k2+m2 = 1
4pi2
∫∞
0 dk k
2
p
k2+m2.
Of course this diverges in the ultraviolet but if we assume
quantum field theory is valid up to a cut-off scale kmax,
a finite energy density is obtained ρvac ≈ k
4
max
16pi2
. But what
should we use for kmax? If we take it to extremes and go as
far as the Planck scale kmax =mpl, then ρvac ≈ 1074 GeV4,
a mere 10121 orders of magnitude larger than the value
nature appears to have provided us with. Coming down
to more realistic values where we believe we have decent
control of the physics involved, say the QCD scale, even
then we have a major embarrassment to deal with as we
still obtain ρvac ≈ 10−3 GeV4 À ρΛ. In flat space, this isn’t
really an issue as the contribution is related to the or-
dering ambiguity of fields and disappears when normal
ordering is adopted. However it is not as simple when
gravity is involved. We might consider replacing the ad
hoc procedure of throwing away the vacuum energy by
trying to cancel it through the introduction of counter
terms, but this still requires a fine-tuning to adjust ρΛ to
the present energy density of the universe.
Supersymmetry (SUSY) provides a nice resolution of
the problem. For every boson present in the theory we
introduce a fermion counter part of the same mass and
visa versa, at a stroke doubling the particle content in
the universe but crucially guaranteeing the cosmologi-
cal constant vanishes as the fermion contributes to the
zero point energy with equal magnitude but opposite sign
compared to the boson, thereby ensuring the two contri-
butions cancel. However, our present day Universe is not
supersymmetric hence we need to break it at some scale.
If it is to be of use in addressing the hierarchy problem,
then it should be broken around MSUSY ∼ 103 GeV. The
first run of the LHC yielded no evidence for these massive
fields which is beginning to become rather uncomfortable
for those of us hoping SUSY will do its duty with regard
the Hierarchy problem. If the masses turn out to be much
above the TeV scale (assuming SUSY shows up at all) then
we run the risk of having a new Hierarchy problem to deal
with - it is an exciting time as the LHC embarks on Run
2 of its data collecting now at collision energies of 13 TeV.
However even with SUSY breaking occurring at a scale of
at least 103 GeV, we are still far away from the observed
value ofΛ by many orders of magnitudes. At present we
do not know how the Planck scale or SUSY breaking scales
are really related to the observed vacuum scale.
Padilla [2] has a nice way of emphasising the real na-
ture of the cosmological constant problem, and it is more
severe than we have mentioned so far. The real problem
is not the issue of the fine tuning of the cosmological con-
stant, but rather of radiative instability, and the need to
repeatedly fine tune whenever higher loop corrections
are included. It implies that the cosmological constant is
highly sensitive to the details of the (unknown) UV physics
and questions the suitability of the associated effective
field theory. The particular issue arises once the effec-
tive description for matter is changed by going to two
loops. This introduces a new correction to the vacuum
energy and it doesn’t have to be significantly suppressed
compared to the one loop contribution. The knock on
effect is dramatic, the cancellation imposed at one loop
now needs to be replaced by a new retuning of the finite
contributions in the counterterms to the same degree of
accuracy as in the one loop case. If we go to three loops
this gets repeated and so on as we go to higher loops. In
other words it makes no sense stopping at any finite order
because at each successive order in perturbation theory
we are required to fine tune to extreme accuracy. This is
radiative instability. Basically the one loop counter term
will always be unstable to higher loops, which implies that
the vacuum energy is very sensitive to the details of UV
physics of which we are ignorant, the sensitivity manifest-
ing itself in the loop instability of the effective field theory.
This is the cosmological constant problem. A number of
approaches have been adopted to addressing this issue
and so we turn our attention to briefly discuss a few of
them.
2.1 Supersymmetric Large Extra Dimensions (SLED)
This is an interesting proposal due to Burgess and col-
laborators [8] (for a review see [9]) which makes use of
the fact that we may live in a Universe with more than
four spacetime dimensions. In particular it implies that
the four dimensional vacuum energy we experience does
not have to generate four dimensional curvature, rather it
can curve the extra dimensions. The specific realisation
of the model which has generated most interest consists
of a six dimensional supergravity model due to Nishino
and Sezgin [10]. Our Universe corresponds to one of two
non-supersymmetric three-branes whereas the supersym-
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metric bulk is compactified in the shape of a rugby ball
possessing bosonic field content: a metric, a dilaton and a
U(1) gauge potential. The fact there are two extra dimen-
sions means that it is possible to have flat brane solutions
for any value of the brane tension, and remarkably the
extra dimensions can be as large as a millimeter. For the
cancellation scenario to work a flat brane solution occurs
in the SLED model as long as the brane stress-energy van-
ishes in the off-brane directions and there are no direct
couplings between the brane and the dilaton. Although
the two conditions are broken by the inclusion of loops,
if the scale of SUSY breaking in the bulk is low enough,
these effects are small. The Large extra dimensions are im-
portant because the effective four dimensional vacuum
energy is inversely proportional to the fourth power of
the size of the extra dimensions. The result is that they
should be no smaller than a millimetre, a result which still
remains compatible with table top tests of gravity.
2.2 Sequestering the vacuum energy
Recently Kaloper and Padilla [11] have attacked the cos-
mological constant from a novel standpoint, they have
gone into the infra red for their resolution, as far as you
can possibly go in fact, a global transformation. There
have been many attempts to attack the cosmological con-
stant from the UV standpoint but not from the IR. Their
model is locally indistinguishable from General Relativity,
deviations arising only at a global level, which they argue
is at the heart of the cosmological constant, when thought
of as the global component of the stress energy tensor.
This global addition allows them to sequester from grav-
ity all radiative corrections to the vacuum energy from a
protected matter sector, which can of course include the
Standard Model [11]. The result is a residual cosmological
constant that is crucially radiatively stable and insensitive
to matter loop corrections to the vacuum energy at any or-
der in perturbation theory. However it is not large enough
to provide the dark energy. In [12] they have addressed
the dark energy question in the context of the seques-
tering model and once again their solution is intriguing.
One of the key aspects of the initial formulation of the
mechanism for sequestering the Standard Model vacuum
energy is that it relies on a Universe of finite spatial vol-
ume, a closed Universe which will inevitably collapse in
the future. In [12] they presented a mechanism which led
to the collapse. The solution requires a new scalar field
whose potential is linear and becomes negative, and in
doing so provides the negative energy density required
to end the expansion. The model is tightly constrained,
for example the slope of the potential is chosen to allow
for the expansion to last until at least the current Hubble
time, of order 1010 years. They argue that this choice is
technically natural as a linear potential has a shift sym-
metry, and the vacuum energy sequestering selects radia-
tively stable initial conditions for the collapse, conditions
which guarantee that immediately before the turnaround
the universe is dominated by the linear potential which
drives an epoch of accelerated expansion for at least an
efold. If this is the case we are currently living in that sin-
gle efold of accelerated expansion. Moreover this single,
technically natural choice for the slope implies that the
collapse is imminent (on cosmological scales !) and is
preceded by the current stage of cosmic acceleration. In
that sense it is a new answer to the Why Now problem
associated with Dark Energy - any later and the Universe
would have disappeared !. It is still very early in the life of
the Sequestering model, but the role of global symmetries
over local dynamics is intriguing as a way of addressing
the cosmological constant problem. Very recently they
have developed a local model which no longer requires a
closed cosmology to work [13]. This could be thought of as
both good and bad. Good because it broadens its regime
of validity, bad in that a very neat unique prediction of
the scenario has gone. Time will tell what the impact of
including gravity loops is in these models, but it has made
a very promising start.
2.3 Λ from the Landscape of String Theory
When string theory first came to prominence in the 1980’s
there was a belief that it would have a unique vacuum
state, but this came under tension when a large class of
solutions involving Calabi Yau compactifications were ob-
tained. When the second string revolution occurred and
membranes became a big player in string theory, or M-
theory as it became known, the huge breadth of possible
interactions involving string fluxes and the compactified
extra dimensions led to an explosion in the number of
possible vacua in string theory (for a review see Douglas
and Kachru [14]). These solutions in which there were
four large spacetime dimensions but no massless (moduli)
fields, as they had been stabilised, led to what is known
as the String Landscape [15] of vacua - for a review of the
Landscape of string theory see [16]. Numbering over 10500
vacua, determining which class of them could correspond
to our own Universe has becomes the ultimate needle in
a haystack problem. On the positive side though, given
so many solutions it is also exceedingly likely that many
of these vacua could have a cosmological constant sim-
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ilar to our observed one - a key question is how many
and how would you put a measure on the probability of
finding such a state ? Although exact solutions are hard
to find, the effective theories associated with the class
of Calabi-Yau compactified models for type I, II and het-
erotic strings in the large volume weak coupling regime
are understood. The bulk of the Landscape predictions
are for those regimes. Of course it is impossible to obtain
the detailed solutions of 10500 vacua, but a great deal of
effort has gone into understanding the statistical proper-
ties of classes of these vacua - how is an observable dis-
tributed or how are observables correlated [14]? It means
though that we also need to understand the nature of de
Sitter solutions in string theory and over the last decade
or so there has been much effort placed into the search
for such vacua in string theory and supergravity - for a
recent detailed review of inflation in string theory see [17].
One popular example of de Sitter vacua was found by
Kachru et. al. within the context of type IIB string theory
compactified on a Calabi-Yau manifold in the presence
of flux, by incorporating nonperturbative corrections to
the superpotential [18]. Around the same time Bousso
and Polchinski demonstrated how these flux compactifi-
cations could address the cosmological constant problem
[19], showing that with multiple fluxes it was possible to
explain the observed value of the cosmological constant
by using the contributions of the multiple fluxes to cancel
the bare cosmological constant to the required accuracy
necessary for the current cosmological constant.
Although the life time of the vacua obtained in [18]
was larger than the age of the universe enabling them
to consider these solutions as stable for practical pur-
poses, it is in general very difficult to obtain stable de
Sitter solutions in string theory. The fact that in ten di-
mensions Minkowski space is supersymmetric hence has
zero energy, whereas a de Sitter solution has positive en-
ergy implies that in four dimensions basically all de Sit-
ter vacua in supersymmetric models of string theory are
meta-stable - they want to decay ! Compared to obtain-
ing a supersymmetric vacuum it is difficult to construct
a meta-stable de Sitter solution and yet that is what the
current acceleration of the universe would correspond
to in string theory. It could of course be that in such a
situation where there are so many meta-stable vacua the
observed value of the cosmological constant is selected
environmentally as opposed to derived from first princi-
ples - a result consistent not with naturalness arguments
but with with anthropic considerations. The existence of
a vast landscape of de-Sitter vacua in string theory makes
the anthropic approach especially interesting. The cos-
mological constant problem has led many authors to try
a different approach to the dark energy issue. Instead of
assuming we have a small cosmological constant, we ig-
nore it, presume it is zero due to some as yet unknown
mechanism, and investigate the possibility that the dark
energy is caused by the dynamics of a light scalar field [3].
It does not solve the cosmological constant problem, but
it does open up another avenue of attack to understand
the nature of dark energy as we will shortly see.
3 Dark Energy and the Higgs
A natural question to ask is whether we will ever be able
to determine something about the nature of dark energy
from collider physics? On the face of it the answer should
be a resounding ‘No’, we are trying to determine the nature
of a weak long range interaction through its interactions
on the smallest possible length scales involving the high-
est possible terrestrial energies. However, as we will see
the real answer isn’t so clear cut.
In the context of the SLED proposal [8], Burgess and
collaborators have made some fascinating explorations
into the impact the Bulk extra dimensions can have on
Higgs searches at the LHC - in particular via missing
energy going into the bulk [20, 21]. The key reason this
could be significant is through the coupling between bulk
scalars in the six-dimensional scenario involving super-
symmetric large extra dimensions and standard model
fields living on the brane. It turns out that the lowest-
dimension interaction which such a bulk scalar can have
with Standard Model fields on our brane has a dimen-
sionless coupling, a. In particular it involves a trilinear
coupling between the Standard Model Higgs and the
bulk scalar, and the interaction depends only logarith-
mically on ultraviolet mass scales meaning heavy physics
need not decouple from it. It can therefore be generated
with a size which is not suppressed by inverse powers of
the 6D gravitational scale, Mg ∼ 10 TeV. Assuming that
the proton reaction is dominated by the contribution of
gluon fusion at the parton level, the rate for the process
pp → hφ→ γγ 6 ET can be calculated where 6 ET repre-
sents missing energy as the scalar field φ escapes into the
extra dimensions. Imposing a missing energy cut 6 ET > 78
GeV, and using ATLAS tool kits for the analysis they ar-
gue in [20] that a 5σ detection of the effective interaction
could be made provided the effective coupling is a > 0.09.
These limits would begin to probe the upper limit of the
size of coupling which is obtained from a generic 1-loop
estimate. Given the fact there is so far no evidence for de-
viations from the standard model picture, the result can
be used to place constraints on the allowed dimensionless
coupling a.
4 Copyright line will be provided by the publisher
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Another interesting development which links dark en-
ergy directly with the Higgs is through the recently pro-
posed model of Higgs-Dilaton inflation [22, 23] which is
a scale invariant extension of the original idea of Higgs
inflation [24]. In Higgs-Dilaton inflation, a non-minimal
coupling of the Higgs to gravity is introduced, and when
the running of the Higgs self-coupling is considered it be-
comes apparent that it could become a free field at the
scale of inflation. Such a result has the beneficial effect
of guaranteeing scale invariance or shift symmetry, and
the authors have proposed that it is this that might be
responsible for the (almost) scale-invariance of the scalar
inflationary fluctuations. Scale invariance has to be bro-
ken softly and this introduces a dilaton field, which is a
Goldstone boson, but intriguingly with an exponentially
suppressed potential. Such a field could act as dark energy
as the exponential potential has a slope and magnitude
that could drive a period of accelerated expansion. What
is particularly appealing about the idea is that it is testable
as shown in [23, 25]. For example the scalar spectral index
ns and the present day value of the dark energy equa-
tion of state w0DE are related by the consistency relation
ns −1'−3(1+w0DE). What is nice about this is that it di-
rectly links early and late universe physics. The model
predicts w0DE >−1 and using using current observational
bounds on ns it allows them to go further obtaining a
bound 0< 1+w0DE < 0.02, which in the near future could
be detected by a mission like Euclid or a galaxy survey like
LSST [23]. This is a nice model.
In [26] Brax and collaborators derived the low energy
effective theory which governs interactions between the
gauge bosons of the electroweak sector and a dark energy
scalar field. Assuming conformal couplings of the field
to the matter species of the Standard Model they con-
sidered chameleon type models of dark energy in which
the field dynamically adjusts its mass to be large in re-
gions of high average density, and small elsewhere. The
reason for their interest in this type of process is that they
would lead to an unambiguous prediction of light dark
energy quanta interacting in the beam pipe of any particle
accelerator. In particular, they computed the oblique cor-
rections to each of the Higgs, Z and W± propagators at en-
ergies below the mass, M, of the heavy charged fermions.
Such corrections modify the decay rates Γ(ZZ → h) and
Γ(W +W −→ h), where h is the lightest neutral Higgs, and
in principle these corrections could change the rate of
production of the Higgs at a hadron collider. Although
they found that these corrections diverged quadratically
with the scale chosen as the cut off for the effective the-
ory, the result does not indicate a large enhancement to
the production of Higgs bosons from interactions with
dark energy, rather they indicate that the interactions
with dark energy make this process sensitive to the UV
physics. More contributions exist, generated by processes
taking place at high energy, which are integrated out of the
low-energy description. These "threshold corrections" are
obtained by integrating out heavy fermion loops which
mediate interactions between the lightest neutral Higgs
and the gauge bosons. However they lead to small effects.
Large effects could only arise from the relevant operator
HZ aZa , but the presence of such terms are forbidden by
gauge invariance above the scale of electroweak symme-
try breaking. To get a larger effect, it would be necessary
to break the gauge invariance of the theory, implying that
exotic physics would be required if dark energy were to
be responsible for an enhancement in the Higgs produc-
tion rate. Although this doesn’t sound very promising, it
is certainly worth trying to classify dark energy models
by their tracks in an LHC detector. Whereas some dark
energy models, for example those with purely disformal
couplings, will only leave missing energy signatures, an
understanding of how other dark energy models deposit
energy is completely lacking. In [27], motivated by the
see-saw mechanism to generate small neutrino masses,
Krauss and Dent investigated how a small GUT-scale mix-
ing between the Standard Model Higgs and an otherwise
massless hidden sector scalar could generate a small mass
and VEV for the new scalar (Quintessence field) produc-
ing a false vacuum energy density contribution which
could drive the current expansion of the Universe. Unfor-
tunately no discernible signatures are produced in exist-
ing terrestrial experiments, and we have to accept that we
are living in a false vacuum which will no doubt one day
decay. Bertolami and Rosenfeld [28] analysed a scenario
where the Higgs boson is coupled to an additional singlet
scalar field, the quintessence field. They argued that a
unified picture of dark matter and dark energy emerged
where dark energy is the zero-mode classical field rolling
down the usual quintessence potential and the dark mat-
ter candidate is the quantum excitation (particle) of the
field, which is produced in the universe due to its cou-
pling to the Higgs boson. There is currently no evidence
that dark matter and dark energy are linked in this way
but it would be very exciting if they were.
4 Summary
The discovery and identification of the Higgs Boson must
be considered one of the most brilliant pieces of particle
physics detective work of all time and on its own has jus-
tified the building of the LHC. However, I don’t believe it
can be said to have had much bearing on our understand-
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ing of possibly the most exciting discovery in my lifetime,
the accelerating Universe and the question of what is the
nature of the dark energy driving it. Maybe it will play a
huge role in Cosmology through the impact it has on the
stability of the electroweak vacuum [29,30], but even then
the link with dark energy is not obvious. So, I have taken
the liberty of addressing a few approaches to the cosmo-
logical constant and then briefly touched on how we may
use the Higgs to constrain dark energy in the future. It is
clear though in my mind from these examples, it is going
to be a challenge, either to see evidence of dark energy
through enhanced Higgs production or through the direct
coupling of the quintessence field to the Higgs. Of course
there are other approaches other than string theory to the
cosmological constant problem. Causal sets offer one in-
teresting route [31–33], and there are other possible routes
to determine the presence of dark energy in the laboratory
other than using colliders - for example I have recently
been involved in a proposal using atom interferometry
[34], and based on our proposal the first experiment has
already been performed searching for chameleon fields
[35]. They haven’t found any, and so the search continues
using every length scale and energy scale at our disposal.
Maybe through Run 2 the LHC and the Higgs will provide
the key breakthrough - given our surprise in discovering
dark energy in the first place, we shouldn’t be surprised if
this were to happen.
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